Acute balloon compression of the thoracic spinal cord for 15, 7, 5, 3, and 1 minute in monkeys caused immediate disappearance of the spinal evoked response and complete focal ischemia of the compressed segment in all animals. Only the animals in the l-minute group, however, demonstrated return of the evoked response. These data, coupled with data from previous experiments of slow balloon compression of the spinal cord and spinal cord ischemia, suggest that the major pathological substrate for neural dysfunction after balloon compression of the spinal cord, be it acute or slow, is physical injury of the neural membrane, irrespective of blood flow changes. These findings also suggest that the ability of that membrane to recover is related to rapidity and length of time of compression. Focal changes in blood flow do not appear to be significant in this mechanism.
I y previous experiments we have studied the vulnerability of long-tract neural conduction (LTNC) in the spinal cord to ischemia and to slow balloon compression. 4,~ We demonstrated a relative insensitivity of LTNC to the effects of ischemia, with disappearance of the spinal evoked response (SER) only after 10 minutes or more of profound ischemia, and essentially no change in the SER at blood flow levels of approximately 25% normal (75% reduction). In the experiments with slow balloon compression, the SER disappeared either concomitant with or several minutes after the development of essentially absolute ischemia. After a 5-minute period of electrical silence, the balloon was deflated, and the SER returned in all animals by l hour. 4 The present experiment is designed to study the vulnerability of LTNC to acute balloon compression, and to compare these results to findings in previous studies.
Materials and Methods
Eighteen macaque monkeys weighing 3 to 4.5 kg were initially anesthetized intramuscularly with 10 mg phencyclidine hydrochloride. Catheters were inserted into the femoral vein for fluid replacement and the administration of drugs, and into the femoral artery for continuous blood pressure monitoring and the periodic determination of blood gases. The animals were intubated with a cuffed endotracheal tube, curarized, and maintained on a small-animal volume respirator.* To monitor inspiratory oxygen concentration, the gas from the respirator was passed through an in-line detection cell of a Teledyne oxygen *Small animal volume respirator manufactured by Phipps and Bird, Inc., Richmond, Virginia.
analyzer.t Also connected to the inspiratory gas line was a pressure gauge calibrated in centimeters of water,{ which allowed monitoring of inspiratory pressure and consequently any change in respiratory compliance during the experiment. Anesthesia was maintained by the intravenous administration of alpha chloralose, 100 mg/kg. Determinations of arterial blood gases were frequently obtained and the levels were maintained in the normal range. Esophageal temperature was monitored by a thermistor probe and maintained at 37 ~ to 39 ~ C by means of a heating pad or heat lamp when necessary.
The animal's head was then placed into a head holder, with the animal in a sphinx-like position. The left sciatic nerve was surgically exposed and elevated on a bipolar stimulating electrode. This exposed area was immersed in mineral oil. A small laminectomy was performed at T-9, exposing the dura mater in the right lateral "gutter," and a second small laminotomy (1 mm in length) was performed at T-6, exposing the dara mater over the left dorsal column. The dura mater was exposed at C1-2 via a standard surgical approach including a laminectomy of C-1. A bipolar recording electrode was then positioned on the dura mater over the left posterior column at C1-2. Spinal evoked responses were obtained by applying electrical stimuli (10 V for 1 msec at 1 Hz) to the exposed sciatic nerve, and the response was recorded from the above mentioned bipolar recording electrode. A two-stage amplification procedure was used to process the SER before averaging. Initial amplification (• 10) and filtering was accomplished using a differential AC amplifier connected to a high impedance probe.w The single-ended output of this amplifier was led to an oscilloscope through an amplifier. II The animal. In all cases a straight line was obtained under these conditions, attesting to the validity of the wave form. A hydrogen electrode (250-u diameter platinum wire) was placed into the left dorsal column at T-6, using techniques described previously# ,3 A No. 3 Fogarty balloon catheter:l: was then inserted into the epidural space lateral to the spinal cord on the right side and advanced cephalad so that the uninflated balloon lay opposite T-6. Several blood flow measurements were made before and after insertion of the Fogarty catheter. Blood flow was calculated from the monoexponential tissue washout curve, more fully described in previous publications? , 3 During inhalation of hydrogen gas (approximately 10% of the inspired gas mixture), the amount of inspired oxygen was increased to keep the inspired oxygen percentage at 21%. Multiple SER's were obtained during this period of time. After stabilization of the animals, the balloon was acutely inflated by hand to a volume of 0.25 cc, and kept inflated for periods of 15, 7, 5, 3, or 1 minute (Table 1) . During inflation the administration of hydrogen gas continued, and SER's were obtained. After deflation, both spinal cord blood flow (SCBF) and the SER's were monitored for 1 hour.
Results
The SER disappeared immediately in all groups upon acute balloon compression (Figs. 1, 2, 3 , and 4). Hydrogen gas was added to the inspired gas mixture immediately upon balloon compression, and lack of any noticeable "wash in" during the period of balloon compression can be taken as evidence of essentially absolute ischemia during this time. Animals with compression for 15, 7, 5, and 3 minutes failed to demonstrate any return of SER during the 1-hour period of observation following deflation (Figs. 1, 2, and 3) . All of the animals in the 1-minute group, however, exhibited return of the SER by 1 hour to a varying degree (Fig. 4) . The SCBF in all of the animals was either normal or hyperemic by 5 minutes after deflation, and remained so for the remainder of the experiment (Table 1) . No case of postcompression ischemia was demonstrated. As in previous experiments, the no-reflow phenomenon was not demonstrated in any of the groups.
Discussion
In a previous experiment we studied the effects of slow balloon compression on SCBF and function? Balloon inflation continued until disappearance of the SER and then the balloon volume was kept constant for an additional 5 minutes. Focal blood flow fell to zero either shortly before, or concomitant with, the disappearance of the SER. Consequently, during the 5-minute period of constant balloon volume, the SER was absent and the focal SCBF was zero. The balloon was deflated after the 5-minute period, and the SER returned to a varying degree in all animals by 1 hour. The return of the SER in that experiment suggests that the spinal cord can tolerate a 5-minute period of electrical silence and essentially zero segmental blood flow produced by slow focal compression. Ischemia alone cannot explain the disappearance of the SER under such conditions. In a previous study we have demonstrated that periods of ischemia much longer than 5 minutes were necessary for disappearance of the SER. 5 Furthermore, in several of the animals in the slow compression experiment, SCBF fell to zero simultaneously with the observed disappearance of the SER. 4 Most likely, compression of the neural elements was the most significant factor in the disappearance of the SER under such circumstances.
Griffiths, et al., 1 have recently studied the effects of slow balloon compression on the SER and SCBF. Their study differs from our earlier study in that they did not examine potential SER return after balloon deflation, nevertheless they concluded, as we did, that ischemia was probably not the cause of the impaired conduction. The data from our previous slow balloon compression experiment are in contrast to the findings in the present acute compression experiments. Animals that sustained acute focal spinal cord compression for 15, 7, 5, and 3 minutes had no return of their SER. During the periods of compression, the SER disappeared immediately and absolute ischemia was present during the entire period of compression. Only the animals that sustained 1 minute of acute compression regained their SER. Clearly then, the length of time of profound ischemia could not account for the reversibility or irreversibility of the injury. If this were the case, animals with compression for 7, 5, and 3 minutes should have shown return of the SER, since anima.ls in the slow compression group easily withstood such periods of absolute ischemia. 4 Degree of spinal cord deformation could not account for the differences in observations. All animals in the acute groups sustained spinal cord deformation secondary to acute Effects of acute cord compression on SEll inflation of the balloon to a volume of 0.25 cc. The balloon in the slow compression experiment, also ultimately had a volume of approximately 0.25 cc, and in some animals a greater volume was necessary for abolition of the SER. 4 At this volume, the spinal canal is essentially filled with the balloon, and the spinal cord must assume a ribbon-like deformity. The most likely explanation for the differences in the return of function between the acute and slow compression, and the membrane's ability to recover appears not to be related to length or degree of ischemia, but rather to the degree of physical injury to the axonal membrane. One might then ask why should the animals in the 1-minute group recover? Rapidity of compression was no different in these animals than in other animals in the acute compression group, yet the SER uniformly returned in the 1-minute group within a relatively short period of time. Consequently, length of time of compression is important in determining reversibility of the injury; however, this factor is probably related to length of time and degree of membrane deformity rather than ischemia. Periods of ischemia of less than 10 minutes cannot account for disappearance of the SER) Perhaps rapid compression for a specific period of time, in this case greater than I minute, is necessary for molecular bonds to break, ion channels to plug, and intramembrane particles to pathologically rearrange, for the injury to be irreversible and the membrane to remain permanently nonconductive.
These results parallel those of Tarlov and his coworkers? ,0 In their experiments, SCBF was not measured, so they could not document the degree of ischemia during compression. However, they demonstrated irreversibility of the injury in acute compression lasting longer than 1 minute, and reversibility in their slow compression experiments when SER was absent for up to 35 minutes? .9 Tarlov 7 concluded that mechanical deformation, rather than ischemia, accounted for the differences in observations between the two groups.
The significance of the postdeflation hyperemia requires further study. The majority of animals in all groups, including those with 1 minute of acute compression, demonstrated a postdeflation hyperemia. Therefore, the possible role of hyperemia in determining return or lack of return of the SER cannot be ascertained from the present experiment.
Summary
In this experiment, acute balloon compression of the spinal cord was carried out for periods of 15, 7, 5, 3, or 1 minute. Focal SCBF of the compressed segment and SER were simultaneously and independently measured. Only the animals in the 1-minute group exhibited return of the SER. These data are accompanied by data from experiments with slow balloon compression in which animals recovered after a 5-minute period of electrical silence, and at least 5 minutes of profound ischemia, as well as findings from ischemia experiments of the relative insensitivity of LTNC in the spinal cord to the effects ofischemia. All these data suggest that the major pathological substrate for neural dysfunction after balloon compression of the spinal cord, be it acute or slow, is physical injury of the neural membrane, irrespective of blood flow changes; and the ability of that membrane to recover appears to be related to rapidity and length of time of compression. Focal blood flow changes do not appear to be significant in this mechanism.
